Realizing both of compact and low energy consumption is technical issue on development of electricity-rich automotive subsystems. In the present work, a 12-V/48-V dual-voltage subsystem using three-port DC/DC converter cells is proposed, and the high power density cell design is studied to achieve ultra-compact subsystem in hybrid-electric-vehicle. A 500 W, 400 kHz prototype is developed with GaN FETs, and its efficiencies are evaluated. The prototype achieves power density of 28 W/cm 3 at rated power, and its efficiency is measured more than 91% over a wide output power range, with a maximum efficiency of 93.7%.
Introduction
Driven by the high demands of low emission automotive, the technologies that can improve the fuel efficiency have been actively researched. For the automotive subsystem, DC 12-V bus with lead acid battery is conventionally used. However, the 12-V current load is rapidly increased with development of automotives [1] . Heavier load current causes high energy consumption in wire-harness and conversion circuits. Dual-voltage subsystem including DC 48-V bus has been developed to mitigate the current load from the classic 12-V bus [2] , and it will be Multi-cell structure for 12-V/48-V HEV subsystem also a promising technology to reduce the energy comsumpton in hybrid-electric-vehicle(HEV). Additionally, an approach of multi-cell converter has been published to realize high efficient and compact size in a power conversion circuit [3] . Fig.1(a) shows an example of multi-cell structure for a dual-voltage 12-V/48-V HEV subsystem using conventional converters. By connecting several of converter cells in series at the high voltage port, the voltage stress is shared by the cells, and low voltage semiconductor devices which have lower on-resistance can be employed. Moreover, parallel interleaving of low voltage (high current) ports can decrease the current to reduce the conduction loss of each cell. The multi-cell approach has an attempt to significantly reduce the converter losses, however, dual-voltage subsystem requires many converter cells for each DC bus. On the one hand, multi-port DC/DC converter topologies were studied in order to reduce circuit components [4, 5] , and a three-port converter which integrates an isolated converter (Dual active bridge; DAB) and a non-isolated converter (Multi-phase converter) has been proposed in [6] . Fig.1(b) shows the proposed 12-V/48-V multi-cell structure using three-port converter cells.
The proposed subsystem has an advantage of reducing the number of cell. In the present work, a high power density three-port converter cell is developed for realizing compact and low energy consumption in HEV subsystem. To achieve high power density, 500-W, 400-kHz prototype is constructed with GaN FETs, and its efficiencies are measured in rated power.
Circuit topology and operation principle
The schematic of three-port DC/DC converter using a coupling inductor technique [6] is described in Fig 2. The converter has a transformer and a positive coupled inductor, and their windings are connected to the middle points of full-bridges M u , M v , M α , and M β , respectively. The primary winding of transformer has a center-tap which connects an extra DC port (port C). There are three DC ports referred as port A, port B, and port C in one circuit, and the DC power can be transferred mutually. As shown in Fig.3 , two different circuit topologies are integrated in the converter. DAB converter [7, 8] operates between port A and port B, and its isolated DC power is controlled by adjusting phase angle difference f of two full-bridges. Then, the transformer is exited and the coupling inductor shows
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Schematic of the three-port DC/DC converter low inductances against differential mode current. On the one hand, the multi-phase converter [9] operates between port A and port C. The voltage ratio of V A /V C can be controlled by adjusting the duty ratio d. The coupling inductor shows high inductance against common mode current, and the flux of transformer can be cancelled out. Hence, two topologies are integrated without additional magnetic components since they have different inductance for each current mode.
3 Prototype design Fig. 4 shows the thermal heat path for the board-mounted transistor and thermal resistances. The sum of thermal resistances is calculated as R th =22.7 K/W (Table  I) . The allowable FET power dissipation P FET can be calculated as P FET = (T jmax -T amb )/R th = 5.3 W, where T jmax is the maximum junction temperature of 150 o C and T amb is the ambient temperature of 30 o C. As for the three-port converter, the low-voltage primary side FET dissipates large losses because high current goes through the primary windings. Thus, the power dissipation of primary FETs is the matter to be considered in determining the switching frequency.
In order to design the prototype and its switching frequency, turn-off switching losses of a 100V-Si MOSFET (BSC046N10NS3, R on =4.6 mΩ) and an 80-V GaN FET (EPC2021, R on =2.5 mΩ) are measured with a double-pulsed test circuit [10] . As shown in Fig.5(a) , turn-off losses can be decreased by employing GaN FETs for a primary full-bridge. Fig 5(b) 
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Equivalent circuit of two topologies, and impedance behavior of magnetic components for each circuit topology. f sw =0 Hz is equal to FET conduction losses. The power dissipation of Si MOSFET is rapidly increased because of its large switching losses, and the power dissipation exceeds the allowable value of P FET =5.3 W at f sw = 180 kHz. On the other hand, the single GaN FET can be operated at f sw ≥400 kHz. Therefore, a prototype has been constructed with GaN FETs, and its magnetic components were designed at the switching frequency of 400 kHz. Fig 6 shows the prototype of 500 W, 400 kHz three-port converter cell. The power stage and the gate drive circuit (without controller IC) are enclosed by an aluminium housing, and total volume of 18 cm 3 (6.0 × 4.0 × 0.75 cm) is achieved. The GaN FET half-bridge sub-board (EPC, EPC9203) which contains 80-V, 90-A GaN FETs (EPC, EPC2021) is commercially available, and it is used for primary full-bridge. For the secondary side full-bridge, a half-bridge sub-board was designed using 200-V, 25-A GaN FETs (EPC, EPC2010c). As shown in Fig.6 , sub-board has ceramic capacitors and driver ICs (TI, LM5104), and they are mounted on four-layer PCB with a 70 µm copper pattern. The sub-board has a metal pad at bottom side, and it is connected to power stage which has four-layer main-board with a 175 µm copper pattern. A ferrite planar core (TDK, PC95EL18X7.3-Z) was employed for transformer and coupling inductor. The transformer core has no air gap and turn ratio is N=4, and the number of primary and secondary windings are 2 and 4, respectively. Inductor core has air gap of 0.4 mm, and turn number of one-side winding is 2. The all windings were formed with 175 µm copper pattern in main-board, and their measured inductances are summarized in Table II .
Experimental results
The input voltage of port B is set to V B =100 V, and output voltage of port A and port C are controlled as V A =48 V and V C =12 V by adjusting f and d with each PI controller. The electric loads are connected to port A and port C. Then, input power of P B and output power of P A and P C are measured by a power scope (Yokogawa, PX-8000). Fig.7 shows the experimental voltage and current waveforms at P A = 100 W, P C =400 W. In Fig 7, f and d were controlled as f = 0.1 rad (40 ns) and d = 4.65 rad (1.85 µs), respectively. Then, the output voltages of V A and V C were measured as V A = 48 V and V C = 12 V constant. The inductor current waveform of i u has a DC offset of 15 A because of multi-phase converter operation. From this, the parallel operation of two topologies in Fig.3 was verified, and the prototype can be operated at rated power of 500 W. Then, the power density of 28 W/cm 3 (=500 W/ 18 cm 3 ) was achieved. Fig. 8(a) shows the measured efficiency curves in single load condition. The efficiency of η BC =93.1% at P C =300 W and η BA =91.8% at P A =250 W were achieved, respectively. Fig.8(b) shows the efficiency map in parallel load condition. High efficiency of more than 91% was measured in wide output power rang, with maximum efficiency of 93.7% at P C =175W and P A =100 W.
Conclusion
In the present work, high power density three-port converter with GaN FET has been developed and evaluated as a converter-cell for realizing compact and high efficient 12-V/48-V dual-voltage HEV subsystem. The 500 W, 400 kHz prototype achieved high power density of 28 cm 3 at rated power, and high efficiency of 91% was measured over a wide output power range, with the maximum efficiency of 93.7%. The newly developed three-port converter cell will allow us to reduce the number of cell and total volume if it is applied for the multi-cell structure of the 12-V/48-V dual-voltage HEV subsystem, and also to increase the fuel efficiency due to low energy consumption.
